Both glucose and ABA play crucial roles in the regulation of seed germination and post-germination development. In Arabidopsis thaliana , up-regulation of ABA biosynthesis is suggested as one of the possible mechanisms mediating the glucose-induced delay in seed germination. Since the endogenous ABA level is controlled by the equilibrium between ABA biosynthesis and catabolism, we investigated how this equilibrium is related to the regulation of seed germination by glucose in rice. When ABA biosynthesis was inhibited by nordihydroguaiaretic acid (NDGA), an inhibitor of the ABA anabolic enzyme 9-cis -epoxycarotenoid dioxygenase (NCED), rice seed germination showed no response. In contrast, inhibition of ABA catabolism by diniconazole signifi cantly arrested seed germination, suggesting that the regulation of ABA catabolism plays a major role. Further experiments indicated that the expression of OsABA8ox3 , a key gene in ABA catabolism and encoding ABA 8 ′ -hydroxylase in rice, was signifi cantly increased during the fi rst 6 h of imbibition, which was consistent with the decline of ABA content in the imbibed seeds. Expression of OsABA8ox genes, especially OsABA8ox2 and OsABA8ox3 , was sensitively suppressed in the presence of exogenously supplied glucose. In contrast, the expression profi les of OsNCED genes that control the limiting step of ABA biosynthesis showed no signifi cant changes in response to low levels of glucose. Our results demonstrated that the glucose-induced delay of seed germination is a result of the suppression of ABA catabolism rather than any enhancement of ABA biosynthesis during rice seed germination.
Introduction
Soluble sugars have been implicated to regulate plant developmental, physiological and metabolic processes ( Koch 1996 , Smeekens 1998 , Smeekens 2000 , Rolland et al. 2002 . Genetic studies have demonstrated that glucose along with other sugars, as primary signal molecules, affect seed germination and early seedling development ( Gibson 2000 , Dekkers et al. 2004 , Gibson 2005 . The effects of sugars on seed germination are complicated and can be associated with plant hormone biosynthesis and signaling, in particular with that of ABA ( Gibson 2004 , Yuan and Wysocka-Diller 2006 , Rook et al. 2006 , Finkelstein et al. 2008 . Several GeneChip experiments have proven that the expression of many genes is co-regulated by sugar and ABA, including genes associated with carbohydrate metabolism, signal transduction and metabolite transport ( Price et al. 2004 . Some genes related to ABA biosynthesis, such as ABA2 and NCED3 , are induced by glucose and involved in glucose signaling responses in Arabidopsis ( Cheng et al. 2002 , Chen et al. 2006 ). In addition, ABA-defi cient mutants, aba2/ gin1 and aba3/gin5 , and ABA-insensitive mutants, abi4/gin6 , abi5 and abi8 , were also reported to be insensitive to sugar and show a sugar-insensitive phenotype ( Gibson 2005 , Dekkers et al. 2008 , suggesting that ABA biosynthesis and its signaling also play dominant roles in glucose signaling.
The endogenous level of ABA is regulated not only by its biosynthesis, but also by its catabolism. In higher plants, ABA is derived from C 40 carotenoid precursors, and its biosynthesis has been comprehensively reviewed in several articles. The cleavage of 9-cis epoxycarotenoids to xanthoxin is a key regulatory step in ABA biosynthesis and is catalyzed by the enzyme 9-cis -epoxycarotenoid dioxygenase (NCED) ( Schwartz et al. 2003 , Nambara and Marion-Poll 2005 ) . One of the primary catabolites of ABA is phaseic acid (PA). The conversion of ABA to PA begins with the hydroxylation of the 8 ′ position by ABA 8 ′ -hydroxylase, a cytochrome P450 monooxygenase ( Kushiro et al. 2004 , Saito et al. 2004 . Several experiments have demonstrated that the ABA 8 ′ -hydroxylase family plays a prominent role in regulating endogenous ABA levels during seed development and germination in Arabidopsis ( Millar et al. 2006 , Okamoto et al. 2006 .
Germination can be retarded in the presence of glucose. This has been attributed, at least in part, to the increase in the expression of ABA biosynthesis genes, such as ABA2 and NCED3 , by glucose signaling ( Cheng et al. 2002 , Chen et al. 2006 . However, little has been deduced concerning the effects of glucose on the genes of ABA catabolism, despite the fact that ABA catabolism plays a more dominant role in ABA levels during germination. Here, we comprehensively determined the expression profi les of rice OsNCED genes and rice ABA 8 ′ -hydroxylase ( OsABA8ox ) genes in imbibed rice seeds, and their changes in expression in response to different concentrations of glucose. The results show that the expression of OsABA8ox2 and OsABA8ox3 , key genes in ABA catabolism in rice, is signifi cantly suppressed by glucose signaling. This consequently leads to the delay of germination.
Results

Seed germination is sensitive to glucose in rice
To assess the effect of glucose on rice seed germination, seeds were grown in the presence of different glucose and mannitol concentrations (the latter functions as an osmotic control) and germination kinetics were determined. Seed germination was delayed in the presence of exogenous glucose in rice. The delay was evident even at 1% glucose, although it did not prevent seed germination. Nevertheless, 1% mannitol had little effect on seed germination ( Fig. 1 ). High concentrations (3 and 6%) of both exogenous glucose and mannitol delayed germination signifi cantly, although the mannitol-induced delay was less effective when compared with that caused by glucose ( Fig. 1 ). These results demonstrate that glucose negatively affects seed germination and early seedling development in rice, as is the case in Arabidopsis reported earlier ( Price et al. 2003 ) . The effect of glucose on seed germination may be due to its affecting osmotic potentials as well as functioning as a signaling molecule. From Fig. 1 , it can be seen that high concentrations of exogenous glucose and mannitol had similar inhibitory effects on seed germination and seedling development, which might be caused by osmotic stress. However, low concentrations (1%) of mannitol did not exert similar effects, indicating that the effect of a low level of glucose on seed germination was not due to osmotic stress, but signaling events.
A different ABA content in imbibed seeds was responsible for the glucose-induced delay of germination Earlier results showed that the effects of sugar on plants were closely associated with plant hormone biosynthesis and signaling, in particular with that of ABA ( Gibson 2004 , Rook et al. 2006 , Yuan and Wysocka-Diller 2006 , Finkelstein et al. 2008 . In order to examine whether ABA was also involved in the glucose-induced delay of germination, ABA concentrations in imbibed seeds were measured in the presence of different levels of glucose during imbibition. As shown in Fig. 2 , ABA levels decreased substantially by 6 h of imbibition and continued to decrease until 24 h, similarly to the case of Arabidopsis reported previously ( Millar et al. 2006 , Toh et al. 2008 . A decrease within the fi rst 6 h also occurred in glucose-treated seeds, although the reduction slowed down after 6 h and ABA levels were higher than that of the control (water). The difference in ABA concentrations between the 1 and 3% glucose treatments was not significant at most of the imbibition times measured. A similar trend was also observed in mannitol-treated seeds ( Fig. 2 ) . The results suggest that both lower (1%) and higher (6%) levels of glucose maintain a relatively high ABA level, which might result in the delay of germination. 
Changes in expression of genes related to ABA biosynthesis and catabolism in imbibed rice seeds
In higher plants, ABA levels are regulated through the balance of biosynthesis and catabolism, with biosynthesis dominating when levels are increasing and catabolism dominating when levels are decreasing. NCED and ABA8ox are known to be the key genes controlling ABA biosynthesis and catabolism, respectively. In rice, fi ve Os NCED genes and three OsABA8ox genes have been reported ( Saika et al. 2007 ) . The phylogenetic trees shown in Fig. 3 summarize the family of OsNCED genes in the rice genome with AtNCED genes, and OsABA8ox genes with the Arabidopsis CYP707A families.
The expression profi les of these genes were determined in imbibed rice seeds using quantitative real-time PCR (qRT-PCR). We found that OsABA8ox3 was the most highly expressed among these genes. The expression level of OsABAox3 was substantially increased and reached a maximum by 6 h, and subsequently declined to the baseline level by 12 h. After this point, OsABA8ox3 expression showed no notable changes. The transcript of OsABA8ox2 exhibited a similar expression pattern to that of OsABA8ox3 , but the maximum expression profi le was only about one-third that of OsABA8ox3 ( Fig. 4A ). The increased expression of OsABA8ox2 and OsABA8ox3 during the fi rst 6 h of imbibition was consistent with the decline in ABA contents of imbibed seeds. The expression level of OsABA8ox1 in imbibed seeds was much lower than that of the other two OsABA8ox genes (data not shown).
The expression profi le of OsNCED2 is the highest among the fi ve OsNCED genes in rice seeds. Interestingly, the OsNCED2 expression level did not decline directly during the fi rst 6 h of imbibition, but increased to approximately 4-fold higher than the expression level of dry seeds, and then decreased rapidly to a low point of the baseline expression level. Except for OsNCED5 , which has a very low expression level (data not shown), the other three OsNCED genes showed similar expression patterns to OsNCED2 during seed germination, although their expression profi les were lower than that of OsNCED2 ( Fig. 4B ) .
A higher concentration of glucose up-regulated expression of the ABA biosynthesis gene OsNCED2
Glucose can induce the delay of seed germination and early seedling development through the maintenance of a relatively high ABA content during imbibition ( Figs. 1 , 2 ) . Could the maintenance of a high ABA level be attributed to an increase in ABA synthesis or a decrease in ABA catabolism? To address this question, the expression levels of OsNCED genes and OsABA8ox genes treated with different concentrations of glucose were determined ( Figs. 5 , 6 ). Seeds imbibed for 3 and 6 h were sampled to analyze their differential expression profi les as their expression changed greatly during imbibition. The OsNCED2 gene plays the predominant role in ABA biosynthesis in imbibed rice seeds ( Fig. 4B ) . From Fig. 5 , it can be seen that the expression of OsNCED2 seems to be suppressed a little by 1 and 3% glucose treatments. However, it was substantially induced by 6% glucose and mannitol after 6 h of imbibition (approximately 2-fold induced by glucose). The results suggest that a low concentration of glucose has little effect on OsNCED2 expression, while a high concentration of glucose, which might act as an osmotic stress factor, induced the expression of OsNCED2 . Thus, the difference in ABA levels found in water-and 6% glucosetreated seeds might, at least in part, be explained by the different levels of OsNCED2 expression. Expression levels of OsNCED1 , OsNCED3 and OsNCED4 were much lower than that of OsNCED2 under the glucose treatments ( Fig. 5 ). Moreover, they showed no signifi cant difference between water and glucose treatments within 3 and 6 h of imbibition, suggesting that they may not be involved in the glucoseinduced ABA biosynthesis in rice seeds.
Glucose suppressed the expression of ABA catabolism genes OsABA8ox3 and OsABA8ox2
In rice, there are three cytochrome P450 genes within the OsABA8ox subfamily, all of which encode ABA 8 ′ -hydroxylase ( Saika et al. 2007 ). Expression of OsABA8ox3 is greatest among the three OsABA8ox genes, while OsABA8ox1 is hardly detected in rice seeds during germination ( Fig. 4A ). When glucose was used as treatment, the transcripts of both OsABA8ox2 and OsABA8ox3 were suppressed by low glucose concentrations (1 and 3%) when compared with water and mannitol controls ( Fig. 6 ). The glucose-induced suppression of the two genes was more evident at 6 h of imbibition, especially for OsABA8ox3 . The expression profi le of OsABA8ox3 in 1, 3 and 6% glucose-treated seeds was only about 34, 43 and 79%, respectively, compared with the water-treated seeds. These results suggest that glucose represses ABA catabolism through the suppression of OsABA8ox3 and OsABA8ox2 expression in rice seeds, which may be critical for the glucose-induced delay of seed germination in rice.
Inhibition of bioactive ABA catabolism may delay seed germination in rice
To confi rm further if the suppression of ABA catabolism, rather than an enhancement of ABA biosynthesis, is the major reason for the glucose-induced delay of germination, we applied some pharmacological treatments. Nordihydroguaiaretic acid (NDGA) is an ideal inhibitor of the NCED enzymes with regard to its permeation speed and ability to block ABA biosynthesis ( Ren et al. 2007 ). Diniconazole acts as a potent competitive inhibitor of ABA 8 ′ -hydroxylase and is an effective ABA catabolic inhibitor ( Kitahata et al. 2005 ) . As shown in Fig. 7 , NGDA treatment of water-treated seeds produced no obvious signs of enhancement of the germination rate, whereas diniconazole treatment dramatically decreased the seed germination rate by 65.6% at 36 h of imbibition. The germination rate was slightly rescued in glucosetreated seeds in the presence of 100 mM NDGA. In contrast, diniconazole treatment aggravated the glucose-induced delay in seed germination. These results suggest that inhibition of ABA catabolism through the suppression of ABA 8 ′ -hydroxylase may change the ABA levels of rice seeds, and thus results in a delay of germination. ABA biosynthesis in imbibed rice seeds is insignifi cant for germination.
Discussion
It has been known that a relatively low ABA concentration is essential for seed germination ( Finkelstein et al. 2008 ) . Our results suggest that ABA 8 ′ -hydroxylase, encoded by OsABA8ox3 , is a major enzyme for ABA catabolism and plays a pivotal role in rice seed germination. The expression profi le of OsABAox3 was remarkably increased during the fi rst 6 h of imbibition, which was consistent with the decline in ABA contents in imbibed seeds ( Figs. 2 , 4 ) . Inhibition of ABA 8 ′ -hydroxylase by diniconazole clearly decreased the germination rate and delayed the time of germination ( Fig. 7 ) . Interestingly, the expression of OsNCED genes also increases but does not decline directly during the fi rst 6 h of imbibition, which may be caused by ABA feedback modulation. ABA contents declined quickly when OsABA8ox genes were promptly and substantially induced during early imbibition; the trend of ABA to decrease may in turn stimulate the expression of OsNCED genes to increase ABA biosynthesis and maintain a temporary balance of ABA levels. A similar situation was also found in Arabidopsis ( Millar et al. 2006 , Toh et al. 2008 . In higher plants, glucose is reported to be a primary sugar signal that regulates many important physiological processes such as seed germination, root growth and development, and the onset of senescence ( Smeekens 2000 , Dekkers et al. 2004 , Gibson 2005 . The mechanisms of such processes have yet to be fully deciphered. Genetic analyses show that the sugar signal in plants is closely associated with plant hormone metabolism and signaling, especially for ABA ( Gibson 2004 , Gibson 2005 , Yuan and Wysocka-Diller 2006 , Rook et al. 2006 . We found that germination can be delayed in the presence of 1-6% exogenous glucose. Compared with seeds imbibed in water, ABA levels were higher in glucosetreated seeds at 6 and 12 h of imbibition. At the same time, transcripts of OsABA8ox genes, especially OsABA8ox3 , were signifi cantly decreased in the presence of glucose ( Figs. 2 , 6 ). These results indicate that glucose negatively regulates the expression of OsABA8ox3 , which in turn leads to the relatively high ABA levels of imbibed seeds and subsequently the delay of seed germination in rice.
Biochemical and genetic studies have demonstrated that NCEDs are the key enzymes in ABA biosynthesis in higher plants ( Nambara and Marion-Poll 2005 ) . In rice seeds, OsNCED2 has the highest expression profi le among the fi ve OsNCED genes ( Fig. 4 ) . If both OsNCED2 and OsABA8ox3 have a pivotal role for ABA biosynthesis and catabolism in rice seeds, ABA levels in the imbibed seeds would be determined by the relative activities of the two enzymes. However, our results show that OsNCED2 plays an insignifi cant role in seed germination in rice, and inhibition of NCED activity cannot stimulate germination ( Fig. 7 ) . Furthermore, treatment of imbibed seeds with a low level of glucose (1 and 3%) did not change the expression profi le of OsNCED genes, although it led to a clear delay in germination ( Fig. 5 ) . Only when the glucose concentration was as high as 6% was expression of OsNCED2 enhanced ( Fig. 5 ) , which might have contributed to the high ABA content and the delay of germination. However, as its action was very much like that shown by mannitol, an osmotic effect could not be ruled out. This indicates that OsNCED2 is largely a stress (osmotic)-responsive gene and has a minor role in the germination event.
One additional factor that complicates our understanding of glucose responses is that glucose can act by functioning as a signaling molecule as well as by affecting the osmotic potential. In our experiments, three different concentrations (1, 3 and 6%) of glucose were used to distinguish the glucose response modes. A delay of seed germination was evident at 1% glucose in rice, which is considered well below the level (6%) which represses cotyledon greening and early seedling development ( Jang et al. 1997 ) or ABA accumulation ( Garciarrubio et al. 1997 ) . Moreover, osmotic control (mannitol) cannot completely mimic the effects of glucose on germination and seedling development in rice ( Fig. 1 ) . The results indicate that a low level of glucose acting as as signal molecule, rather than its osmotic potential, affects seed germination.
Materials and Methods
Plant materials and germination
Rice seeds ( Oryza sativa L. cv. Nanjing 11) were used. In order to avoid the imbibition of water during seed sterilization, which could dilute the glucose solution, rice seeds were directly sown on sterile fi lter papers which contained different concentrations of glucose and mannitol. In pharmacological experiments, NDGA at 100 µ M, or diniconazole at 10 µ M, was mixed with the glucose solution when needed. Seeds were placed in a growth chamber with 12 h light and 12 h dark at 28°C to facilitate germination. Germination (based on radicals >1 mm) was recorded every 12 h or daily, depending on the experiment. Each plate contained 40 seeds. Every experiment was repeated three times. Seeds imbibed for 1, 3, 6, 12, 24 and 48 h in the presence of water or glucose were collected and stored at -80°C for ABA determination or RNA isolation.
Measurement of the endogenous ABA level
For estimation of endogenous ABA levels of imbibed seeds, 0.2 g of rice seeds were homogenized in 1 ml of distilled water and then shaken at 4°C overnight. The homogenates were centrifuged at 12,000 g for 10 min at 4°C and the supernatant were used directly for ABA assay. ABA analysis was carried out using the radioimmumoassay method as described by Quarrie et al. (1988) . The 450 µ l reaction mixture contained 200 µ l of phosphate buffer (pH 6.0), 100 µ l of diluted antibody (Mac 252) solution, 100 µ l of [ 3 H]ABA (about 8,000 c.p.m.) solution and 50 µ l of crude extract. The mixture was then incubated at 4°C for 45 min and the bound radioactivity was measured in 50% saturated (NH 4 ) 2 SO 4 -precipitated pellets with a liquid scintillation counter.
RNA isolation and qRT-PCR
Total RNA was extracted from rice seeds with an RNA easy Plant Mini Kit (Qiagen, Valencia, CA, USA) and then digested with RNase-free DNase (Amersham, Picataway, NJ, USA) to eliminate genomic DNA contamination. First-strand cDNA was synthesized with oligo(dT) primers using a SuperScript fi rst-strand synthesis system according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). Transcript levels of each gene were measured by qRT-PCR using an iCycler (Bio-Rad, Hercules, CA, USA) with iQ SYBR Green Supermix (Bio-Rad). The data were normalized to the amplifi cation of a rice ACTIN gene. For each sample, the mean value from three qRT-PCRs was adapted to calculate the transcript abundance, and the mean values were then plotted with their SDs. Primer sequences of the ACTIN gene and OsNCED genes used for qRT-PCR are listed in Table 1 ; primers for OsABA8ox genes were as described previously ( Saika et al. 2007 ). 
